We consider binary mixtures of colloidal particles and amphiphilic dendrimers of the second generation by means of Monte Carlo simulations. By using the effective interactions between monomer-resolved dendrimers and colloids, we compare the results of simulations of mixtures stemming from a full monomer-resolved description with the effective two-component description at different densities, composition ratios, colloid diameters and interaction strengths. Additionally, we map the two-component system onto an effective one-component model for the colloids in the presence of the dendrimers. Simulations based on the resulting depletion potentials allow us to extend the comparison to yet another level of coarse graining and to examine under which conditions this two-step approach is valid. In addition, a preliminary outlook into the phase behavior of this system is given.
Introduction
Typical soft matter systems include components with a large separation of length scales and attributes, making the computational approach become a huge challenge to master. In particular, multicomponent mixtures, including ultrasoft particles like dendrimers or star polymers, present enormous potentials and a wide range of possible set-ups and configurations. Therefore, several ways of computational simplifications of the full multicomponent mixture were developed and successfully implemented [1] [2] [3] , based on effective descriptions on various levels and different complexities. Despite the availability of fast computer systems, which allow us to model and simulate complex molecules on the atomic level, it is still common practice to attempt to simplify such systems because the time scales and length scales required for effective descriptions are out of reach. A possible route to reduce the complexity of these systems is the choice of describing them at the level of effective interaction potentials. In its simplest form, this results in a situation in which all interactions between the various species within the system area reduced to radially symmetric, effective pair potentials. This approach, although completely ignoring the usually complex and not necessarily isotropic structure of the molecular species in the system, allows for useful insights into the behavior of such systems and has been applied successfully in various simulational studies [4] [5] [6] . A different approach, on which most of the theoretical investigations of binary mixtures are based, is a one-component description, which employs a single interaction potential that is obtained by integrating out the smaller component's degrees of freedom. The best known example of this method is based on the so-called Asakura-Oosawa (AO) model for a mixture of colloids and polymers, in which interactions between colloids or with polymers are modeled as hard-sphere-like, but interactions between polymers are considered to be ideal. Consequently, the effect of the polymers on the colloids is fully determined by their overall density and the available free volume in a configuration of colloidal spheres. Therefore, the mixture can be described by an effective interaction between colloidal particles only, which is the superposition of a direct interaction in combination with a polymer-induced depletion potential.
In this work, we address the richness of possibilities of these different levels of description for binary mixture systems, including the monomeric level, by performing a comparison of simulation results for a selection of different parameters, such as densities, composition ratios, particle sizes and interaction strengths. The mixture we consider is composed of soft colloidal particles and amphiphilic dendrimers, where particles from different species experience a weak attraction with respect to each other. Dendrimers form a class of macromolecules providing enormous potentials due to their regularly branched architecture. They were first synthesized by Vögtle et al [7] and gradually attracted a great deal of interest from various fields of scientific research. The development of new synthesis techniques has resulted in a variety of different dendrimeric systems. The control that is possible in both architecture and the nature of functional groups of these macromolecules allow them to be applied in completely different fields such as solubility enhancement, drug-delivery vectors or nanocarriers [8] [9] [10] [11] . They combine characteristics of both colloidal and polymeric systems [12] , and hence can encompass the range of soft particles with Gaussian-shaped pair interactions [13, 14] when they are neutral, as well as homogeneously charged spheres when their end-groups carry charges [15] . A substantial amount of research has been focused on the conformations, interactions and phase behavior of neutral dendrimers in dilute and concentrated solutions [16, 17] . This information is also partially accessible by small-angle neutron scattering in the comparison of the scattering intensity of dendrimers with protonated and deuterated end-groups [18] . It is therefore not surprising that, due to their wide range of applications, their ability to induce new phenomena and challenges that arise in synthesis and experimental observations, dendrimers have become an important class of macromolecules that are widely studied in soft matter research [7, [19] [20] [21] [22] [23] [24] [25] [26] .
In previous work [27, 28] , we have demonstrated the diversity in adsorption behavior of amphiphilic dendrimers onto compact colloidal particles as well as on planar walls. This includes phenomena like the gradual stepby-step adsorption of single branches of dendrimers and conformational characteristics like the living spider and dead spider alignment onto the surface [27, 28] . The extension to binary mixtures at finite concentrations is the next logical step in examining the properties of dendrimeric systems. The fact that the amphiphilic dendrimers used in this work are also able to spontaneously form clusters [29, 30] only further enriches the possibilities offered by these particular systems.
The rest of this paper is organized as follows: after introducing the monomer-resolved description in section 2 and the parameters of the composition in section 3, we present the modeling of the two-component level description in section 4, the modeling of the one-component level description using the depletion potentials in section 5, the mapping between the different descriptions in section 6 and in section 7 we compare the results of all three description levels for a selected distribution of parameter sets. Finally in section 8 we draw our summary and concluding remarks.
Monomer-resolved description model
At the most basic level description of the current model, we find the full multicomponent mixture of dendrimers and colloids on the monomer level, in which the solvent degrees of freedom have been integrated out, thus forming in itself already a first step in the coarse-graining procedure. Within this framework, a dendrimer is described by a collection of connected monomeric units, for which we employ the model introduced by Mladek et al [29] . In particular, this model describes amphiphilic dendrimers of generation G = 2 and functionality f = 3 starting from two central core monomers. The resulting total of 14 monomers are divided into two classes of monomers. The eight monomers of the outermost generation, g = 2, form the solvophilic shell of the dendrimer, denoted by the subscript s, and all monomers of the interior generations, g = 0 and 1, form the solvophobic core, denoted by the subscript c. In so doing, one obtains the desired amphiphilic property for the dendrimers by introducing suitable interactions between the various types of monomers. In this model, the interaction between any two monomers, separated by a distance r, are modeled by the Morse potential [31] , which is given by
where σ µν denotes the effective diameter between two monomers of species µ and ν. This potential, and all following potentials, is expressed in units of the inverse temperature β = (k B T) −1 , with k B denoting Boltzmann's constant. The Morse potential is characterized by a repulsive short-range behavior and an attractive part at long distances, whose depth and range are parameterized via µν and α µν , respectively. The core monomer diameter σ cc ≡ σ is chosen to be the unit of length. The bonds between adjacent monomers of relative distance r are modeled by the finitely extensible nonlinear elastic (FENE) potential, given by
where the spring constant K µν restricts the monomer separation to be within the distance R µν from the equilibrium bond length l µν . In order to stay within the limits of experimental feasibility, we use the parameter set (see table 1 ) from the D 2 model from [29] . For modeling the interaction between the colloidal particles and the monomers, we make use of the same approach as we have applied for investigating the adsorption behavior of dendrimers onto colloids [28] . There, we assumed that a colloidal particle of radius R C consists of a homogeneously distributed collection of Lennard-Jones particles with diameter σ LJ and, without loss of generality, one can assume a density ρσ 3 LJ = 1. For a simple power-like pair potential acting between a volume element of the colloid and a test (i.e. monomer) particle of the form
and a dimensionless energy scale , the total interaction on a particle at position r outside the spherical colloid can be calculated by simple integration over the whole colloid and is subsequently given by
This interaction potential diverges as a test particle approaches the surface of the colloid from above, r ↓ R C , so that the colloid is impenetrable to individual monomers. Additionally, since the potential depends only on the product of the dimensionless energy and density parameters and ρσ 3 LJ , a different choice for the value of ρσ 3 LJ can easily be incorporated by adjusting the energy parameter accordingly.
For amphiphilic dendrimers, the interactions with colloidal particles depend on the nature of the monomer, i.e. whether it is a core or shell monomer. Depending on the choice of which type plays the role of the solvophilic or solvophobic units, this interaction will have an attractive range or will be purely repulsive, respectively. For the scope of this work we limit ourselves to the choice of colloids that are attractive for core monomers and repulsive for shell monomers, which were previously denoted by CA-SR [27, 28] . To model the attractive interactions of the colloid with the core monomers, we use the standard Lennard-Jones interaction with the point particles forming the colloid, as mentioned before. The resulting interaction can then easily be expressed in terms of the derived interaction (4) and is given by core colloid (r) = (12) 
for a monomer at a distance r from the colloid center. The repulsive interaction of the colloid with the shell monomers is obtained by employing a procedure similar to the one used for obtaining the WCA potential. Hereto, the distance r * is located at which the interaction (5) attains its minimum value. The interaction is shifted to zero at this location and truncated beyond. Hence, the repulsive interaction between a colloid and a shell monomer is given by
For the colloid-colloid interaction the WCA potential is used as well:
with energy scale and the colloidal diameter σ C = 2R C . In order to simplify the parameters the value σ LJ = σ is chosen for the interactions between the colloid and both types of monomer species.
Composition
We consider binary mixture systems with N C colloidal particles of radius R C and N D dendrimers, consisting of 14 monomers each. This results in a total number of particles
Using the value R D = 3.36σ of the radius of gyration of an isolated dendrimer as in [29] , we define the size or asymmetry ratio between the dendrimer and colloid by q = R D /R C . The number densities for the colloids and dendrimers are given by ρ C and ρ D , respectively. This enables us to introduce the (effective) volume fractions for both species by
for the colloids and
for the dendrimers. In addition, the composition ratio x is given by
The simulation box of volume V is chosen to be cubical in shape to which the normal periodic boundary conditions are applied. The sides of the simulation box under the various simulation conditions lie in the range between 40σ and 80σ . Three different colloid radii are considered, i.e. R C = 4σ , 8σ and 12σ . For the interaction between the colloidal particles and the dendrimers, we limit ourselves to two interaction strengths characterized by = 2 and 0.5. In either case, only the core monomers experience an attractive force, whereas the interaction with shell monomers is purely repulsive.
Effective two-component description
For the first level of coarse graining of the system at hand, i.e. in order to describe it as an effective simple binary mixture, we need to eliminate the internal degrees of freedom of the dendrimers. It was shown by Mladek et al [29] that the effective interaction between two dendrimers separated by a distance r can readily be approximated by a double-Gaussian core model (DGCM) potential, given by eff DD (r) = ae
where the parameters a, b, c and d are fitted to the measured effective interaction between two isolated dendrimers and are shown in table 2.
The effective interaction between colloids and dendrimers, eff CD , can be obtained in a similar fashion. This was already explicitly demonstrated for the case = 0.5 [28] . Figure 1 summarizes these results for both interaction strengths = 0.5 and 2 and the three different colloid radii R C = 4σ , 8σ and 12σ that we consider here. Whereas the colloid-dendrimer interactions for = 0.5 remain purely repulsive, an increase in the monomer-colloid energy scale enhances the importance of the core monomers for the total interaction. This results not only in the expected short-and long-range repulsive interaction, but also in an intermediate attractive range of interactions for the choice = 2. It should also be noted that, although the individual monomers of the dendrimer are not allowed to penetrate the colloidal particle, the center of mass of the same can be found, to some extent, in the interior of the colloid. This is due to the possibility for dendrimers to fold partially around the curved surface of the colloidal particles and results in a small range of finite interaction potentials with r < R C + R D shown in figure 1.
Effective one-component description
In order to adequately map the two-component description onto a one-component description, that is, onto a system with only colloids, one needs to integrate out all the degrees of freedom of the dendrimers in an Asakura-Oosawa model fashion [32] . The resulting effective interaction between colloids after this procedure contains two different contributions. The first component is the original direct interaction between colloids CC (r), as given in equation (7). The second contribution is a depletion potential depl CC (r) originating from the presence of the dendrimers in the vicinity of the colloidal particles [33] . Hence, formally, the full effective interaction between two colloids on this level of description is given by
Implicitly it is assumed here that the depletion interaction is spherically symmetric. It should also be noted that the depletion potential depends on the density of the surrounding dendrimers.
A relatively straightforward procedure for obtaining the unknown depletion potential runs via the depletion force, which can readily be measured in computer simulations. To this end, standard NVT Monte Carlo simulations are performed for two colloidal particles at a fixed mutual distance R 12 = | R 12 | = | R 2 − R 1 |, where both colloids are located at the positions R 1 and R 2 , respectively. Depending on the nature of the colloid-dendrimer interaction, i.e. whether it is attractive or repulsive, an aggregation or depletion, respectively, of dendrimers between the colloids arises. The presence of the second colloid results in a non-spherically symmetric dendrimer-density profile around either colloid, which causes a non-vanishing force that, for reasons of symmetry, is directed along the connection vector R 12 . This depletion force F depl for a fixed distance R 12 can be measured via
where · R 12 is an ensemble average over the positions r i of the N D dendrimers under the constraint of a fixed distance R 12 between both colloids andR 12 denotes the unit vector in the direction R 12 . By measuring this depletion force for various distances, the full depletion force curve can be obtained, which upon integration will yield the depletion potential depl CC (r), which vanishes in the limit r → ∞ by means of an appropriate integration constant. Since the direct interaction between the colloids (7) allows for a small overlap between the colloidal particles, the depletion potential needs to be evaluated also for some distances r < σ C .
Figures 2(a), (c) and (e) show the results for the purely repulsive interaction between colloids and dendrimers (see figure 1(a) ), given by the energy parameter = 0.5, for the three different colloid radii and for four different dendrimer densities. Despite the absence of attractive interactions between both components, the depletion potential is attractive at short distances, the strength of which is growing on increasing the dendrimer densities. Since it is the size ratio R D /R C between the dendrimers and the colloidal particles that determines the width of the depletion zone in this representation, the attractive range becomes narrower and deeper for increasing colloid size. This is qualitatively in full agreement with the behavior of the AO model. In addition, a repulsive range in the measured depletion potential is visible when a single layer of dendrimers is found between both surfaces.
Figures 2(b), (d) and (f) show the results for the same parameter range of densities and colloidal sizes, but now using the effective potential with attractive range (see figure 1(b) ) between dendrimers and colloids, given by the energy parameter = 2. For this interaction it was shown [27, 28] that, due to their adsorption behavior, dendrimers will form a complex molecular layer on the surfaces of the colloidal particles. Within this layer, the usual conformation of dendrimers, in which the solvophobic core monomers are found close to the center of mass and surrounded by the solvophilic shell monomers, is almost inverted. The dendrimers in this layer adopt a 'dead spider' conformation [28] , which causes part of the core monomers to be closer to the colloid surface than those monomers belonging to the shell. The same can be observed in the space between two colloids. Upon approaching of the colloidal surface, the cores of the dendrimers are adsorbed mainly onto one of either surface, and hence repel the other surface by means of their shell monomers. This results in a weak, effective repulsive barrier between the colloids. For smaller distances, the dendrimers are squeezed between both surfaces, exposing their core to either surface and act as a natural glue and causing an additional, effective attraction between the colloids. Naturally, this effect increases upon increasing dendrimer density and, as visible in figures 2(d) and (e), forms an energetic minimum at roughly r = σ C when reaching sufficiently high dendrimer density. The size of the colloids reflects itself in the available surface for dendrimers to adsorb and hence the amount of shared dendrimers between both colloidal surfaces. Consequently, the strength of the attraction also increases with the size of the colloids. In the case of the smallest colloid with radius R C = 4σ in figure 2(b) , the available surface is too small to fully exploit this behavior. Its onset is, however, already visible. Figure 3 shows an example of the resulting composed effective interaction between colloids as given by equation (12) for colloid radius R C = 8σ and both interaction strengths = 0.5 and 2 for the dendrimer volume fraction of η D = 0.06. For the case = 0.5 with the purely repulsive colloid-dendrimer interaction, only a weak effective attractive range from the depletion interaction remains. However, in the case = 2 the direct colloid-colloid repulsive interaction can no longer fully compensate the depletion potential. The strong attractive interaction that remains between colloids already suggests the spontaneous aggregation of these colloids at small volume fractions of the dendrimer additives, as will be shown in the next sections.
Mapping of the different descriptions
In order to compare the behavior of binary mixture systems as described above, we implemented Monte Carlo simulations in the three aforementioned levels of coarse graining for comparable parameter sets. The correspondence between the monomer-resolved description and the effective twocomponent description is straightforward, since obviously one only needs to choose the same densities for both species, i.e. dendrimers and colloids, as well as identical colloidal sizes. It should be noted, however, that the fitted dendrimer-dendrimer interaction (11) and the measured colloid-dendrimer interactions as depicted in figure 1 are idealized. Both interactions are based on two-particle interactions only and hence neglect all many-particle effects. In general, either interaction will be distorted by the presence of an additional particle, be it dendrimer or colloid. Hence, the validity of this approach is limited by the overall density. It was shown, however, that this approach provides surprisingly good results even up to moderate densities [30] .
Establishing the correspondence between these systems and the one-component description is more troublesome. The depletion interaction is obtained in a system with only two colloids, i.e. the zero density limit for colloids. In the mixture, however, the dendrimer densities in the vicinity of the colloids is inhomogeneous. Hence, merely equating the overall densities of either component will not be sufficient. Instead, we need to make the correspondence via the chemical potential of the dendrimers, i.e. the component that is integrated out of the system. Hereto, the chemical potential of the dendrimers is measured in the mixture by the Widom particle-insertion method [34, 35] . The appropriate dendrimer density that needs to be assigned to the mixture is then obtained by finding that particular density at which a pure dendrimer system results in the same chemical potential that is determined via the same Widom insertion method.
Results and comparison
For both interaction strengths and the various colloidal sizes that are considered here, a series of Monte Carlo simulations in the monomer-resolved level description have been performed. These systems, characterized by the colloid and dendrimer volume fractions (η C , η D ), are also simulated under the same conditions in the two-component effective level description, using the same parameters. During these coarse-grained simulations, the chemical potential of the dendrimers was measured via the Widom insertion method. A separate series of simulations at this level was performed, containing only two colloidal particles immersed in a bath of dendrimers at various densities, from which the dendrimer density was chosen that results in the same chemical potential for the dendrimers as the full mixture. The depletion potentials between the colloids obtained from this particular density were used in a simulation at the effective one-component level description. Figure 4 shows simulation snapshots for three exemplary configurations in the = 0.5 case for both the monomerresolved description and the two-component description. Upon visual inspection, the results between both types of description look very similar. The clear separation between colloids and dendrimers already suggests the interaction between colloids and dendrimers to be repulsive, as was already shown in figure 1(a) . It can also easily be observed that both components for the various densities and compositions are not homogeneously distributed, but exhibit a weak aggregation. Hence, a weak effective attractive interaction can be inferred between the colloids, which is confirmed in figure 3 , and for the dendrimers as given by their effective interaction (11) . From our present work, it is not yet clear whether this system will simply restrict itself to forming small domains where either of the components is dominant, or that it will phase-separate on a macroscopic scale. The form of the colloid-colloid depletion potential strongly suggests that a demixing transition will take place at sufficiently high overall densities, but calculating the phase diagram of the mixture is beyond the scope of this work.
In order to be able to compare the various description levels, we need to make a more quantitative analysis rather than a mere visual inspection. The most relevant properties of the systems are found in the structure, which can be characterized by the pair correlation functions. To this end, the three different radial distribution functions g αβ (r) can be measured, where the subscripts α, β are representing the colloidal (C) or dendrimer (D) particle species, and in either case the center of mass is used to measure the relative distances. A selection of these correlation functions from simulations performed at the monomer-resolved level are presented in figure 5 , for a few different densities and compositions in the case of = 0.5 and R C = 8σ . Although the structures become more pronounced upon increasing the overall volume fraction of the system, they remain qualitatively the same. From the distribution function g CC (r) in figure 5(a) it can be seen that the softness of the colloid-colloid interaction only results in a small range of overlap. The effective repulsive colloid-dendrimer interaction (see figure 1(a) ), based on a two-particle calculation, remains valid for these densities as can be seen from figure 5(b) , because the centers of mass of the dendrimers stay well outside the colloidal particle. The most fascinating property, however, is found in the radial distribution of the dendrimers in figure 5(c) , where a non-zero correlation is found for zero distance between dendrimers. This apparent counterintuitive behavior of the dendrimers displays their ability to form clusters of overlapping particles [30] . It should be stressed that this is not an artifact, but describes a true, existing phenomenon. It is caused by their amphiphilic nature, which enables the centers of mass of two dendrimers to become arbitrarily close, but at the same time disallows this behavior for individual monomers from which they are built. Although it is known that this cluster behavior exists for these types of dendrimers [27, 28] , what makes it surprising here is the fact that the clustering takes place at a much lower density than is found for pure dendrimer systems, i.e. the clustering is enhanced by the presence of colloidal particles.
The three different levels of description are compared in figure 6 , where the three pair correlation functions are shown for two selected densities/composition ratios for colloids of radius R C = 8σ . Obviously, for the one-component description only the colloid-colloid correlation g CC (r) can be shown. The plots on the left column side compare the three measured correlation functions for a relatively dilute system, where the agreement between all three levels of description a b c Figure 5 . The radial distribution functions measured at the monomer-resolved level description for colloids with radius R C = 8σ and interaction strength = 0.5 at four different volume fractions (η C , η D ) and composition ratios x. (a) Colloid-colloid g CC (r), (b) colloid-dendrimer g CD (r) and (c) dendrimer-dendrimer g DD (r). The inset additionally provides the estimated error bars in g DD (r) for the system with the highest particle density.
is almost perfect. It is not surprising that some discrepancy arises for the much higher density on the right column side of figure 6, but the overall agreement is still very good. Both the colloid-colloid and the dendrimer-dendrimer correlation are overestimated by the higher levels of coarse graining, whereas the colloid-dendrimer correlation is underestimated. The explanation is found in having neglected the many-body interactions that are made in both coarse-graining steps. Since most of the dendrimers stay at distances larger than their own radius of gyration from the colloidal surfaces, the main source will be that of the overestimation of the dendrimer-dendrimer interaction by the DGCM interaction (11) . The results for the larger colloidal particles with R C = 12σ are very similar. Figure 7 shows monomer-resolved results, analogously to figure 5, but for smaller colloids with R C = 4σ . Two representative density combinations have been chosen, a dilute system and a system with higher density. The results are very similar to those for the larger colloids. Since the mechanisms responsible for the structural characteristics are essentially the same at a lower colloidal scale, caused by the smaller size of the colloids, this is not surprising. It is also evident that on a smaller colloid less space for dendrimers to adsorb is available, leading to a less distinct shape of the results compared to the ones shown in figure 5 . Figure 7 (a) additionally includes the direct comparison of the monomer-resolved level description and the one-component depletion description. The agreement of the two descriptions is clearly visible. The results for the case of colloids with radius R C = 4σ suggests that the overall structural and particle characteristics do not differ very much compared with the case of colloids with radius R C = 8σ . Figure 8 shows simulation snapshots for two different volume fractions/composition ratios in the case of an effective attractive interaction between colloids and dendrimers characterized by = 2. Also here, a close resemblance is found between the monomer-resolved simulations and those that have been performed at the level of the two-component mixture. For a low density system presented in figures 8(a) and (b), the dendrimers again show a tendency to aggregate and, in addition, to weakly adsorb at the colloids, thus creating larger spaces void of any particles. For the higher densities and larger colloid size shown in figures 8(c) and (d), the adsorption has increased substantially and the dendrimers appear to be found mainly in between pairs of colloids, thus binding actively to both and gluing them together. On visual inspection, the resulting structure is best described as an interconnected, gel-like network including voids. Notice that, in strong contrast to figures 4(e) and (f), colloids and dendrimers remain well mixed with one another down to the scale of the individual particle size. Here, dendrimers act as the 'glue' between the colloids, whereas in the case = 0.5 they act as depletants. Thus the physical mechanism for the colloidal attractions induced by the dendrimers is very different in the two cases.
Apart from the fact that the dendrimers cluster, which is even more enhanced by the presence of the colloids in the system, the most interesting structural property they exhibit for the interaction strength = 2 is found in their ability to act as a glue for the colloids. In order to examine this behavior in more detail, the pair correlation functions between dendrimers as well as between dendrimers and colloids are shown in figure 9 for the intermediate sized colloids with R C = 8σ and various density/composition ratios. The colloid-dendrimer correlation function g CD (r) is comparable with the results for the = 0.5 case, except that the adsorption is much stronger, as was already expected from the effective colloid-dendrimer interactions in figure 1(b) . The radial distribution functions g DD (r) for the dendrimers (see figure 9(b) ) not only reveal the peak for small distances related to the clustering of the dendrimers, but also indicate the presence of additional substructure on distance beyond the first neighbor. The exact nature of this substructure cannot be determined on the basis of the available simulation results, and a full analysis falls outside the scope of the present work. It is clear, however, that it is connected to the network structure visible in figures 8(c) and (d), which is not fully random. It is, for instance, conceivable that chain-like structures are formed in the network, which suggest an increased probability in finding dendrimers being adsorbed on opposite sides of the colloid, forming the bonds between the colloids within a chain. Such correlations would indeed be visible in the dendrimer-dendrimer pair correlation function at compatible distances as found here.
A comparison between results stemming from the two-component level description and those from monomerresolved simulation for the attractive colloid-dendrimer system = 2 is shown in figure 10 in terms of the colloid-dendrimer pair correlation function. The position of the first peak in the distribution, at both low and high colloid densities, is reproduced well by the coarse-grained approach. This is not too surprising, as it is mainly the strong effective colloid-dendrimer that is responsible for this absorption peak. For larger distances, however, the agreement is less satisfactory and small discrepancies occur. Whereas for the lower density the monomer-resolved simulation shows more substructure, for the higher density the reverse is true, and it shows less substructure than the two-component description does. The two seem to be somewhat in contradiction with each other. However, the composition ratios are also different, and in combination with almost a factor 4 difference in overall volume fraction, the systems correspond to different kinds of structures that cannot be inferred from this simple structural analysis. It does indicate that the many-body effects that are neglected by the coarse-graining procedure might be much more relevant here than in the repulsive system with = 0.5. This is also confirmed by figure 11 where the dendrimer radial distribution function between both approaches is compared for the lower density case (corresponding to figure 11 ). The finite value attained by the correlation functions at small distances indicates the presence of a significant number of overlapping dendrimers, and hence that results based on only two-particle interactions can seriously suffer from the lack of many-body interactions. 
Conclusions
We have made a direct comparison between three different levels of description for a binary mixture of colloidal particles and amphiphilic dendrimers. Starting from a fully detailed description that contains colloidal particles and dendrimers explicitly formed by monomeric units with a solvophobic or solvophilic nature, we performed simulations to measure the effective interactions between two dendrimers, as well as between a dendrimer and a series of individual colloidal particles with different radii and interaction strengths. By using the center of mass of both dendrimers and colloidal particles, and assuming the validity of these effective interactions at finite densities, a first coarse-grained level description is constructed. In so doing the computational efficiency is enhanced, at the cost of a simplification in the form of neglecting many-body effects. On this two-component level description, a second step of coarse graining has been performed by means of an AO-like treatment. To this end, simulations of this level description were performed in order to measure the depletion potential induced by the dendrimers on the colloidal particles. With the aid of this depletion potential and the direct colloidal interactions, a second level coarse model is obtained, in which only a single component, i.e. the colloidal particles, are simulated in a bath of dendrimers that result in an additional induced colloid-colloid interaction. In fact, the starting model itself has already been a coarse-grained model, because the solvent in which colloidal particles and dendrimers are immersed is simulated implicitly and is only present in the pair interactions between the various components at that level of description.
The simulations have been performed on amphiphilic dendrimers of the second generation, of which only the solvophobic core particles are attracted by the colloidal particles, and the solvophilic shell particles experience a purely repulsive interaction. For these interactions two different choices of interaction strength have been chosen that result in a purely repulsive colloid-dendrimer interaction ( = 0.5) and a partial attractive one ( = 2). Furthermore three different sizes of colloid radii, and various different densities and composition ratios, have been used. The two types of interactions lead to different behavior of the mixture, which is even more enriched by the capability of these types of dendrimers to form clusters of fully overlapping particles.
For the repulsive colloid-dendrimer interaction, the three different approaches result in an excellent agreement of the various pair correlation functions even up to an overall volume fraction of 0.40. The binary mixture itself is characterized by an effective weak attraction between the colloidal particles induced by the dendrimers and results in the formation of smaller, dendrimer-rich domains on the lower levels of coarse graining. In addition, the presence of the colloidal particles, irrespective of size, enhances the potential to form clusters by the dendrimers, compared to that of pure dendrimer systems. The fact that these clusters are formed also immediately implies that many-particle effects do play a role, but the agreement between the radial distributions from the three levels of model description clearly indicate the validity of the approach.
In the case of the attractive colloid-dendrimer interaction, only the part of the features visible in the correlation functions that correspond to the adsorption of the dendrimers on the colloids is reproduced well. Some discrepancies, however, do appear on the longer length scales. This is caused by an unexpected behavior of the system related to the adsorption propensity, during which the conformation of the dendrimers is inverted, i.e. the core monomers move more to the outside of the dendrimers with respect to the center of mass, in order to bind optimally to the surface of the colloids. On the approach of two colloids, however, they partially bind to either colloidal surface, thus gluing the colloids together and forming aggregates in a fashion different from the depletion mechanism. For higher densities, there appears to be a gel-like network formed by colloidal particles and sustained by dendrimers that bind them. Some of the correlations thus formed are not well produced by the second level description, and in combination with the clustering of dendrimers, indicate that many-body interactions do play a more important role and become relevant for a more detailed structural analysis of the system.
On the whole, we have demonstrated that either of the three different levels of description of this mixture of dendrimers and colloidal particles can be used to determine the main characteristics of this system. To the best of our knowledge, the comparison between monomer-resolved simulations with simulations based on depletion interactions has not been performed on soft mixtures. Comparisons between the depletion approach and experiments do exist, but even those are extremely rare for soft mixtures [36] . By comparing the scattering intensity of dendrimers with protonated and deuterated end-groups from small-angle neutron scattering [18] , experiments might shed some light on these issues, but both synthesis and measurements are far from trivial. The fact that these coarse-grained approaches are this successful, taking into account the complications due to the amphiphilic nature of the dendrimers, shows that the type of approach used here could be employed for a variety of similar, a b Figure 9 . The pair correlation functions for simulations performed on the monomer-resolved level description for R = 8σ and = 2, using four different densities/composition ratios. and possibly simpler, systems. In addition, it was shown that a binary mixture of colloidal particles and amphiphilic dendrimers can hide many surprises, and that a full analysis of the phase behavior is worthwhile but it falls outside the scope of the present work.
